We have recently shown that β-catenin-facilitated export of cadherins from the endoplasmic reticulum (ER) requires PX-RICS, a β-catenin-interacting GTPase-activating protein for Cdc42. Here we show that PX-RICS interacts with isoforms of 14-3-3 and couples the N-cadherin/β-catenin complex to the microtubule-based molecular motor dynein/dynactin. Similar to knockdown of PX-RICS, knockdown of either 14-3-3ζ or θ resulted in the disappearance of N-cadherin and β-catenin from the cell-cell boundaries. Furthermore, we found that PX-RICS and 14-3-3ζ/θ are present in a large multiprotein complex that contains dynein/dynactin components as well as N-cadherin and β-catenin. Both RNAi-and dynamitin-mediated inhibition of dynein/dynactin function also led to the absence of N-cadherin and β-catenin at the cell-cell contact sites. Our results suggest that the PX-RICS/14-3-3ζ/θ complex links the N-cadherin/β-catenin cargo with the dynein/dynactin motor, and thereby mediates its ER export.
as follows: 1433BR, a fragment of PX-RICS (amino acids 1763-1828) that contains a 14-3-3-binding motif (amino acids 1793-1798);
∆RSKSDP and 1433BR-∆RSKSDP, mutants of PX-RICS and 1433BR lacking the 14-3-3-binding motif, respectively; S1796A and 1433BR-SA, mutants of PX-RICS and 1433BR
in which Ser 1796 , the Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) phosphorylation site in the 14-3-3 binding motif, is replaced with Ala.
All mutant forms were generated by PCR-based mutagenesis.
Cell culture and transfection-HEK293T, COS-7
and HeLa cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Hyclone). Cells were transfected with plasmids using FuGENE 6 (Roche). For CaMKII inhibition, COS-7 cells were treated with 10 µM KN-93 (Merck) for 24
h.
Identification of PX-RICS-interacting proteins-
HEK293T cells were transfected with pcDNA3.1(+)-FLAG-PX-RICS and binding proteins were analysed by direct nano-flow liquid chromatography/electrospray tandem mass spectrometry, as described earlier (16) . RNAi experiments-Sequences of human CaMKII isoforms targeted by shRNAs are as follows:
Protein expression and purification-
shRNA-CAMK2A (for the α isoform),
shRNA-CAMK2B (for the β isofrom),
shRNA-CAMK2D (for the δ isofrom), 5'-ATGCCGCCTGCATAGCATATA-3';
shRNA-CAMK2G (for the γ isoform), 5'-TGGCCTAGCCATCGAAGTACA-3';
shRNA-control, 
RESULTS

PX-RICS interacts with 14-3-3ζ and θ at the ER-
We attempted to identify PX-RICS-interacting proteins involved in the PX-RICS-dependent forward transport mechanism using liquid chromatography-based electrospray tandem mass spectrometry (16) . We found that PX-RICS could interact with the β, γ, ε, ζ and η isoforms of 14-3-3 proteins, which have been reported to be involved in diverse biological processes, including intracellular protein transport (19) (20) (21) .
In vitro pull-down assays confirmed that PX-RICS interacts with all seven human isoforms of 14-3-3 proteins ( Fig. 1A ). 14-3-3σ showed a relatively low binding activity for PX-RICS, whereas the other isoforms exhibited similar high activities.
We next examined whether PX-RICS is associated with 14-3-3s in vivo. When lysates from HeLa cells were subjected to coimmunoprecipitation experiments, 14-3-3s
were found to coprecipitate with PX-RICS, and vice versa ( Fig. 1B ). We also investigated whether 14-3-3s are colocalized with PX-RICS, which is present at the ER (13) . We found that both PX-RICS and 14-3-3s are stained as reticular or punctate patterns and a significant fraction of these proteins colocalize especially in the perinuclear region ( Fig. 1B) . These results suggest that PX-RICS is associated with 14-3-3s at the ER in living cells.
Despite the high sequence homology among 14-3-3 isoforms, not all ligands show equal affinities for different 14-3-3 isoforms (19, 22) .
We therefore examined whether PX-RICS preferentially interacts with particular isoform(s) of 14-3-3s using isoform-specific antibodies. We found that the β, γ and η isoforms were expressed at the extremely low levels, but the ε, ζ and θ isoforms were abundantly expressed in HeLa cells (data not shown). In vivo pull-down assays with HeLa cell lysates revealed that the ζ and θ isoforms, but not the ε  isoform, coprecipitated with PX-RICS ( Fig. 1C and data not shown).
Immunofluorescent staining also revealed that PX-RICS is colocalized with the ζ and θ isoforms, but not the ε isoform, in the perinuclear region ( Fig. 1C and data not shown). These results suggest that PX-RICS interacts specifically with the ζ and θ isoforms of 14-3-3 proteins.
CaMKII-mediated phosphorylation of PX-RICS
regulates its binding to 14-3-3ζ-PX-RICS contains a putative 14-3-3-binding motif RSKSDP (R, Arg; S, Ser; K, Lys; D, Asp; P, Pro) near its C-terminus, which is consistent with the well-characterized consensus sequence for 14-3-3
binding, RSXS P /T P XP (X, any amino acid; S P , phospho-Ser; T P , phospho-Thr) (19, 22) . To determine whether this motif acts as a 14-3-3-binding site, we constructed a deletion mutant of PX-RICS (∆RSKSDP) in which the entire RSKSDP sequence has been removed. In vitro pull-down assays revealed that GST-14-3-3ζ was able to precipitate FLAG-tagged wild-type PX-RICS, but not ∆RSKSDP, from COS-7 cell lysates ( Fig. 1D ). Thus, 14-3-3 proteins may bind to the RSKSDP sequence of PX-RICS.
Phosphorylation of a serine/threonine residue in the 14-3-3-binding motif is known to be required for interaction with 14-3-3s (19, 22) .
Hence, we investigated whether binding of PX-RICS to 14-3-3s is dependent on serine phosphorylation of the RSKSDP sequence. To this end, we utilized a point mutant of PX-RICS (S1796A) in which Ser 1796 , the second serine residue in the 14-3-3-binding motif, was replaced with Ala. We found that S1796A lacks the ability to interact with GST-14-3-3ζ ( Fig. 1D ). To confirm this, we performed pull-down assays using lysates from PX-RICS-expressing COS-7 cells that had been pretreated with bacterial alkaline phosphatase (BAP). We found that GST-14-3-3ζ failed to precipitate PX-RICS from the BAP-treated lysates (Fig. 1E ). These results suggest that phosphorylation of Ser 1796 in the 14-3-3-binding motif of PX-RICS is required for its interaction with 14-3-3s.
Inspection of the amino acid sequence of PX-RICS revealed that its 14-3-3-binding motif overlaps with a motif required for phosphorylation by CaMKII, RXXS/T (23). We therefore asked whether CaMKII phosphorylates Ser 1796 of PX-RICS and, if so, whether this phosphorylation promotes the interaction between PX-RICS and 14-3-3s. In vitro translated wild-type PX-RICS and S1796A were treated or not with CaMKII, and then subjected to pull-down assays using GST-14-3-3ζ. We found that the amount of wild-type PX-RICS associated with 14-3-3ζ was increased more than three-fold by CaMKII treatment (Fig. 1F ). In contrast, the amount of S1796A associated with 14-3-3ζ  was not changed by CaMKII treatment. Furthermore, when we coexpressed FLAG-tagged PX-RICS and Myc-tagged 14-3-3ζ in COS-7 cells and treated the cells with the cell-permeable CaMKII inhibitor KN-93, coprecipitation of PX-RICS with 14-3-3ζ was markedly inhibited (Fig. 1G) .
Similarly, shRNA-mediated knockdown of CaMKII isoforms reduced the interaction between endogenous PX-RICS and 14-3-3 proteins ( Fig. 1H ). Taken together, these results suggest that CaMKII-mediated phosphorylation of PX-RICS at the 14-3-3-binding motif enhances its ability to interact with 14-3-3 proteins.
14-3-3ζ/θ is required for PX-RICS-mediated
N-cadherin/β-catenin transport-14-3-3 proteins are known to be involved in intracellular protein transport (19) (20) (21) . Thus, we examined whether 14-3-3ζ and θ are involved in PX-RICS-mediated ER-to-Golgi transport of the N-cadherin/β-catenin complex. We generated siRNAs that target the 3'-untranslated region (UTR) of human 14-3-3ζ (siRNA-ζ-1 and -2) and θ (siRNA-θ-1 and -2), respectively (supplemental and θ was rescued only by cotransfection of 14-3-3ζ and θ, but not 14-3-3ζ or θ alone (supplemental Fig. S1B and S2 ). These results suggest that heterodimeric 14-3-3ζ/θ is involved in transport of the N-cadherin/β-catenin complex.
Complex formation between PX-RICS and with PX-RICS from fractions corresponding to a molecular mass larger, but not smaller, than 669-kD ( Fig. 4B and data Fig. S1D ).
In DYNC1I2-knockdown cells, N-cadherin and β-catenin disappeared from the cell-cell boundaries as in PX-RICS-, 14-3-3ζ-or θ-knockdown cells (Fig. 5A) . A significant fraction of N-cadherin was retained in the ER, as shown by coimmunostaining with calnexin ( Fig.   5A ). Silencing of p150 Glued also led to a similar phenotype (supplemental Fig. S1D and Fig. 5A ).
We also disrupted dynein motor function by overexpression of dynamitin, which disassembles dynactin, an activator of cytoplasmic dynein (30) (supplemental Fig. S1E ). In dynamitin-expressing cells, the amounts of N-cadherin and β-catenin at the cell-cell boundaries were markedly reduced compared to the surrounding untransfected cells 
DISCUSSION
Despite the growing list of membrane proteins requiring 14-3-3 for efficient cell surface expression, the molecular mechanism by which 14-3-3 proteins exert this effect remains poorly understood (20, 21) . In this study, we have shown that PX-RICS interacts with 14-3-3ζ/θ to couple the N-cadherin/β-catenin cargo with the dynein/dynactin motor, and thereby mediates its ER-to-Golgi transport. Our finding provides novel insights into how proteins of the 14-3-3 family promote the cell surface expression of membrane proteins.
In our knockdown/rescue experiments, we have found that exogenous expression of 14-3-3ζ or θ can restore the intracellular localization of N-cadherin and β-catenin in 14-3-3ζ-or θ-knockdown cells, but not in 14-3-3θ-or ζ-knockdown cells (supplemental Fig. S1B and   S2 ). In addition, the localization of N-cadherin and β-catenin in 14-3-3ζ/θ-doubly knockdown cells was rescued only by cointroduction of both ζ and θ isoforms, but not by either ζ or θ isoform (supplemental Fig. S1B and S2) . These results suggest that heterodimeric 14-3-3ζ/θ is involved in transport of the N-cadherin/β-catenin complex.
Thus, it is reasonable that knockdown of either ζ or θ isoform yields similar phenotypic outputs.
N-cadherin was found to be stuck in the ER as clearly demonstrated by double immunofluorescence ( Fig. 2A ), suggesting that these knockdown phenotypes could be attributed to blocked ER-to-Golgi transport, but not to GABARAP may act as a binding cue to stabilize the interaction between PI4P and PX-RICS (32).
14-3-3ζ/θ heterodimer may serve as a linker to
mediate the interaction between ER-anchored PX-RICS and the dynein/dynactin motor complex (19) (20) (21) . Importantly, GABARAP is also known to have the ability to bind microtubules (37). The anti-PX-RICS or anti-14-3-3ζ/θ antibody followed by immunoblotting with antibodies specific for DYNC1I or p150 Glued . Open arrowheads indicate DYNC1I or p150 Glued coimmunoprecipitated with with anti-PX-RICS antibody followed by immunoblotting with the indicated antibodies. Lysate GST GST-14-3-3b GST-14-3-3e GST-14-3-3g GST-14-3-3s GST-14-3-3h GST-14-3-3z GST-14-3-3t GST-GABARAP   kD   201   118  92   52   36   29   21 FLAG CBB Lysate GST GST-14-3-3b GST-14-3-3e GST-14-3-3g GST-14-3-3s GST-14-3-3h GST-14-3-3z GST-14-3-3t GST-GABARAP 
